Mapping DNase I hypersensitive (HS) sites is an accurate method of identifying the location of genetic regulatory elements, including promoters, enhancers, silencers, insulators, and locus control regions. We employed high-throughput sequencing and wholegenome tiled array strategies to identify DNase I HS sites within human primary CD4 + T cells. Combining these two technologies, we have created a comprehensive and accurate genome-wide open chromatin map. Surprisingly, only 16%-21% of the identified 94,925 DNase I HS sites are found in promoters or first exons of known genes, but nearly half of the most open sites are in these regions. In conjunction with expression, motif, and chromatin immunoprecipitation data, we find evidence of cell-type-specific characteristics, including the ability to identify transcription start sites and locations of different chromatin marks utilized in these cells. In addition, and unexpectedly, our analyses have uncovered detailed features of nucleosome structure.
INTRODUCTION
The discovery and characterization of noncoding functional elements in genomes is paramount to understanding the complexities of gene expression in different biological systems. One established and robust method to locate active functional elements is through the identification of regions of the genome that are hypersensitive to DNase I cleavage (Keene et al., 1981; McGhee et al., 1981) . In the nucleus, the vast majority of genomic DNA is wrapped around regularly spaced protein complexes called nucleosomes that serve to package DNA and also affect important biological processes such as gene transcription (Felsenfeld and Groudine, 2003) . Regions where local modifications to this chromatin structure displace these nucleosomes (such as for the activation of promoters) allow for easier digestion by DNase I. DNase I hypersensitive (HS) sites have been shown over the last 28 years to be markers for many different types of genetic regulatory elements, including promoters, enhancers, silencers, insulators, and locus control regions (Felsenfeld and Groudine, 2003; Gross and Garrard, 1988; Stalder et al., 1980) . More recently, the ENCODE consortium has shown that DNase I HS sites identified in 1% of the human genome were robust markers for histone modifications, regions of early replication, transcription start sites, and transcription factor binding sites (ENCODE, 2007) . Accurately identifying the locations of DNase I HS sites across the entire genome will help us to understand the biological basis for gene regulation expression patterns in different cell types within and across species, in response to external stimuli, and in diseased tissues.
Until recently, individual DNase I HS sites were identified using traditional Southern blot assays (Wu, 1980) . While this method has provided key insights about gene regulation, the low throughput nature of this strategy limits analysis to small regions of the genome. More recently, we developed two high-throughput strategies to simultaneously identify thousands of DNase I HS sites in an undirected and nonbiased manner (Crawford et al., 2006a (Crawford et al., , 2006b . Both methods start with chromatin that is digested with a small amount of DNase I that preferentially cuts at a DNase I HS site, followed by the attachment of a biotinylated linker to the DNase I-digested ends. The linker is used to extract short adjacent DNA fragments that can be identified by either next generation sequencing (DNase-seq) or labeling and hybridization to tiled microarrays (DNase-chip). Initial experiments using these and similar strategies, though an advance over the Southern blot, were not comprehensive (Crawford et al., 2006a (Crawford et al., , 2004 (Crawford et al., , 2006b Sabo et al., 2004a Sabo et al., , 2004b Sabo et al., , 2006 . For example, our DNase-seq experiments produced approximately 230,000 sequence tags and identified an estimated 20% of sites (Crawford et al., 2006b ) while our DNase-chip strategy covered only 1% of the genome (Crawford et al., 2006a) .
The development of higher throughput sequencing platforms by Illumina (formerly Solexa) and Roche (454 Life Sciences), as well as the availability of genome-wide tiled genomic microarrays by NimbleGen, has now allowed us to create the first genome-wide Figure 1 . DNase-Chip and DNase-Seq Identify DNase I Hypersensitive Sites on a Whole-Genome Scale (A) Each method begins with the digestion of intact nuclei with DNase I followed by the attachment of linkers. Each technology is then used to independently identify DNase I HS sites. Finally, the data are combined into a comprehensive, high-resolution and low-noise map of HS sites on a genome-wide scale.
(B) Number of sequence tags generated using Illumina and 454 technologies, as well as probes for whole-genome DNase-chip studies. map of DNase I HS sites in human cells. The different readout platforms for DNase-seq and DNase-chip provide for independent and complementary whole-genome validation. A unique property of DNase-seq is that it generates basepair resolution of DNase I digestion. While DNase-chip has slightly lower resolution (limited to size of sheared fragments that range from 200-500 bases), this method has also been shown to be highly sensitive and specific at identifying valid DNase I HS sites (Crawford et al., 2006a) . By combining whole-genome data from both DNase-seq and DNasechip, we provide an unprecedented, high-quality view of human chromatin.
RESULTS
Comprehensive Genome-Wide Identification of DNase I HS Sites To perform DNase-seq, we generated a single DNase I library from primary human CD4 + T cells and sequenced the same sample using both the Illumina and 454 platforms ( Figure 1A ). Over 18 million unique sequence tags were generated and over 12 million ($70%) were uniquely mapped to the NCBI Build 35 genome sequence assembly ( Figure 1B ). We employed a kernel density estimation function called Parzen windowing (Parzen, 1962) to identify DNase I HS sites from uniquely mapping tags. This technique allows for each base position to be scored based on the number of sequences in the immediate area with those a short distance away having a greater weight than those more distant. The resulting annotation, shown in the UCSC Genome Browser , more accurately reflects the boundaries of DNase I HS sites (Figure 1 ).
To perform whole-genome DNase-chip, a DNase I library was generated from the identical cells used for sequencing, as well as from a second biological replicate ( Figure 1A ). DNase I-treated DNA was hybridized to two 38-array sets (NimbleGen) consisting of 100-bp-spaced oligonucleotides that cover the entire nonrepetitive fraction of the genome. The resulting data were averaged across the two biological replicates and processed as previously described (Scacheri et al., 2006) .
Based on previous work, we predict that signal strength in both methods reflects the degree of openness at that site. Accordingly, we find that raw ratio DNase-chip intensity values and corresponding DNase-seq Parzen window scores are correlated (Pearson's R = 0.45, Figures 1C-1E , and see Figure S1 available online). We also compared DNase-seq and DNase-chip data to a third independent readout platform that validates DNase I HS sites using quantitative PCR (qPCR). QPCR has been shown to be an acceptable proxy for Southern blotting and allows for semi-high throughput validation (McArthur et al., 2001) . Previously, we employed qPCR to validate 287 DNase I HS sites and 321 DNase I-resistant sites in CD4 + T cells (Crawford et al., 2006a (Crawford et al., , 2006b . We find that qPCR signal intensity is highly correlated to both DNase-seq and DNase-chip (Figures 2A and 2B ).
These correlations support the view that DNase I hypersensitivity is not a binary property but rather reflects a continuous range of chromatin accessibility or ''openness.'' The significance of differential hypersensitivity is unknown, but may represent true biological phenomena such as protein occupancy. This makes validation by independent methods especially critical for identifying a weak but significant signal.
For many analyses, such as determining sensitivity and specificity, it is necessary to define discrete DNase I HS site regions. This primarily requires determining appropriate thresholds to distinguish positives from negatives. To do this, we used our previously published qPCR data (Crawford et al., 2006a) . Figure 2D shows a Receiver Operating Characteristic (ROC) curve showing how sensitivity and specificity changes at different thresholds for DNase-seq and DNase-chip annotations. The large areas under the ROC curves for both emphasize the high sensitivity and specificity of both methods.
Given the high quality of both data sets, we combined them to produce a single global DNase I HS map. To do this, we independently mapped the scores from each set to a similar distribution, normalized each based on sensitivity and specificity, and summed the resulting scores. The new combined set was more highly correlated with qPCR values (Spearman's r = 0.87, Figure 2C) , indicating that it is accurate at detecting the degree of hypersensitivity. We also found the combined set to be more accurate than either of the individual datasets by ROC curve analysis ( Figure 2D ), and overall generated a sensitivity of 92% with a specificity of 94%. Furthermore, assuming that the top and bottom 20% of the qPCR data represent the most accurate positive and negative annotations, we find a sensitivity of > 99.9% and a specificity of 98%. The correlation among these data can be visualized as a heat map showing the labeling of individual samples ( Figure 2E ). These combined data also accurately identify many previously mapped DNase I HS sites (using Southern blots and qPCR) from T cells such as in the interferon gamma, Il-3, Il-2, and Il-4 loci (Agarwal and Rao, 1998; Cockerill et al., 1993; Lee et al., 2004; Schoenborn et al., 2007; Siebenlist et al., 1986, and Figure S2 ). Together, these show that combining data from multiple, independent high-throughput platforms can increase both sensitivity and specificity, as well as provide for a more accurate measure of degree of DNase I hypersensitivity. Our DNase I HS map can be viewed and/or downloaded from the Duke DNase I track on the UCSC genome browser , http://genome.ucsc.edu/cgi-bin/hgTracks?db=hg17).
Functional Annotation of DNase I HS Sites
In agreement with our previous estimates (Crawford et al., 2004 (Crawford et al., , 2006b , our combined DNase I HS annotation identifies 94,925 DNase I HS sites covering 60 million bases (2.1%) across the genome. We find that only 43% of all DNase I HS sites overlap evolutionarily constrained regions of the genome, which is similar to that found recently in 1% of the genome (ENCODE, 2007) . In addition, 75% of DNase I HS sites within 2 kb of a transcription start site are constrained ( Figure S3 ). This indicates that the majority of DNase I HS sites have not evolved under selection.
We have analyzed the distribution of DNase I HS sites across the genome with respect to genes based on the Known Genes annotation in the UCSC Genome Browser ( Figure 3A ). Only 16% of all DNase I HS sites map to a first exon or within 2 kb upstream (promoter region) of a gene, while 17% map to a first intron and 25% map within other exonic or intronic regions. However, the promoter and first exon HS sites are more than twice the size and twice as hypersensitive on average than in other regions (Table S1 ). In fact, looking specifically at the strongest 20% of all DNase I HS signals, we find that almost half of these map to a first exon or within 2 kb upstream of a gene ( Figure 3A and Table S1). This indicates that promoter regions for protein-coding genes are extremely hypersensitive to DNase I digestion, while presumptive regulatory elements unrelated to known promoters are less susceptible to digestion (although still significantly more susceptible than the genome average). At the opposite extreme, the categorical distribution of the weakest DNase I HS sites does not differ substantially from what is seen for all sites ( Figure 3A ). The fact that these are not randomly distributed but rather reflect what is seen in stronger sites supports the validity of these smaller, less-sensitive regions.
The Known Genes annotation in the UCSC Genome Browser is not complete and therefore some DNase I HS sites may not be correctly categorized in the above analysis. To help correct for this, we compared the DNase I HS sites to recently generated genome-wide data for RNA polymerase II (Pol II) binding in CD4 + T cells (Barski et al., 2007) . We find that an additional 5.5% of all DNase I HS sites that map within the intergenic category ( Figure 3A ) are within 2 kb of a strong Pol II signal indicating these may be in the promoter, first exon, or first intron of an unannotated gene. Additionally, if we consider all mRNA and EST sequences as evidence of transcribed regions, only 15.5% of the DNase I HS sites would be classified as being intergenic (data not shown). This shows that a more complete gene annotation is necessary to fully understand the distribution of HS sites within and around genes.
We explored the relationship between DNase I HS sites and levels of gene expression using CD4 + T cell Affymetrix expression array data previously generated by us from CD4 + T cells. Using these data, we assigned expression levels to 15,293 Known Genes that had Protein Databank, RefSeq, and/or Swiss-Prot supporting evidence. For each gene, we determined if there existed a DNase I HS site overlapping a 200 bp window centered on any annotated transcription start site (TSS) in the Known Genes annotation. Nearly all highly expressed genes were found to have an associated HS site ( Figure 3B ). We investigated all 67 of the 2000 highest expressed genes ( Figure 3B , expression value > 9) that appeared to lack a DNase I HS site. In 41 instances (61%), there is ample EST and mRNA evidence for an unannotated TSS for which we do see a DNase I HS site. Another eight have a nearby DNase I HS site that may indicate an unannotated TSS but without other transcript support, eight are contained in recent segmental duplications where we lack the ability to uniquely map sequences, and one is a pseudogene. The explanation for the remaining nine highly expressed genes is not clear but may be due to unknown annotation errors, biological variations in the expression programs in the separate T cell populations, or possibly a low false-negative rate of our assays. We conclude that the TSS of essentially all highly expressed protein-coding genes, and possibly all expressed genes, is marked by a DNase I HS site, nearly all of which can be identified by DNaseseq and/or DNase-chip. This implies that these results can be used to confirm currently annotated TSSs, identify novel TSSs, or help determine which alternative TSSs are being used in a particular cell type (Carninci et al., 2005) . However, though DNase I HS sites might be necessary, they are clearly not sufficient for gene expression ( Figure 3B ). Those genes that have a DNase I HS site but are not expressed may be in a transcriptionally poised state (Gross and Garrard, 1988) .
One might expect that the degree of hypersensitivity would be related to the amount of transcriptional activity, but that relationship is not clear. When looking simply at expression levels versus degree of hypersensitivity, we find little correlation (Pearson's R = 0.09, data not shown). Interestingly, the average level of hypersensitivity is significantly less at the TSSs of low or nonexpressed genes (expression < 5) than moderately to highly expressed genes (Student's t test, p < 2e-16). This is supportive evidence that actively transcribed genes are more hypersensitive due to the presence of the full complement of transcriptional machinery. It is possible that genes that are poised lack some or all of these elements leading to reduced levels of hypersensitivity.
Histone Modifications and Transcription
Factor Binding Sites A recent study used high-throughput sequencing to find genomic regions enriched for several different histone methylations, RNA Pol II, CTCF, and the histone variant H2AZ in CD4 + T cells (Barski et al., 2007) . Their analysis focused on the relationship of these data as compared to TSS. We performed similar analyses but instead centered these chromatin marks on the strongest hypersensitivity signal within our proximal DNase I HS sites, defined as within 2 kb of an annotated TSS or RNA Pol II signal ( Figure S4 ). We find that the peak DNase I signal within each DNase I HS site is shifted 5 0 from annotated TSS ( Figure 4A ), RNA Pol II ( Figure 4B ), and RIKEN CAGE tags (Kawaji et al., 2006 and Figure S5 ), indicating that on average DNase I HS sites are directional relative to transcription. This is consistent regardless of the level of transcription in the associated gene. In contrast, CTCF is on average located preferentially on the opposite side of the DNase I HS site with respect to the transcription start site ( Figure 4C ). Other groups have noticed dips in active histone marks near the transcription start sites, indicating nucleosome depleted regions (Barski et al., 2007; Heintzman et al., 2007) . We find that these modified histone troughs do not directly overlap transcription start sites or RNA Pol II, but are instead directly overlapping the strongest portion of each DNase I HS site (Figure 4D) , providing supportive evidence that these regions are nucleosome depleted.
To compare to specific histone marks, we divided DNase I HS sites into three groups: (1) those proximal to TSS, (2) those that overlap transcribed regions (mRNA and/or EST evidence), and (3) distal sites that make up the remainder. As expected, we find that proximal HS sites are associated with activating histone marks found at promoters ( Figure S6 ). Many of these marks associated with active promoters were found at different levels around DNase I HS sites that overlap transcribed regions compared to distal sites. Those overlapping transcribed regions showed an enrichment for H3K36me3 in agreement with a recent study (Mikkelsen et al., 2007) , but this modification was not found in distal HS sites. Distal sites were more enriched in H3K27me3, H3K9me2, and H3K9me3 marks, while those found in transcribed regions were more enriched in H3K27me1 and H3K9me1 modifications ( Figure S6 ). This shows that nonpromoter DNase I HS sites can be broadly classified into at least two distinct categories based on histone methylations and their relationship to transcription.
As mentioned earlier, many genes with essentially little or no detectable expression in microarray experiments (exp < 4.5) have DNase I HS sites in their promoter regions, while others do not. We found that within these transcriptionally silent genes, the presence of a DNase I HS sites was accompanied by activating histone marks and binding of RNA Pol II ( Figure S7 ), but these signals were not as strong as those around HS sites near more highly expressed genes ( Figure S4 ). In contrast, promoter regions near silenced genes with no HS site showed no evidence of these marks ( Figure S7 ). This suggests that these genes that are silent but are marked with a DNase I HS sites are either poised for expression, or that they are expressed at a level too low to be reliably detected by current microarray technology.
Cell-Type-Specific Gene Ontology and Motif Analysis
To characterize genes and gene families with respect to presence or absence of a DNase I HS site, we performed Gene Ontology (GO) analyses using GoStat (Beissbarth and Speed, 2004) . Genes that lack a DNase I HS site at the TSS are significantly enriched for non-CD4 + T cell related GO categories, such as visual, olfactory, digestive, and neurotransmitter activity (Figure 3C) . In contrast, genes that are both highly expressed and have an extremely hypersensitive promoter region are enriched for housekeeping-like GO categories, such as mRNA processing and splicing and general metabolic processes (data not shown).
To determine if we could detect any cell-type specific function, we searched for enriched motifs in the 75,954 DNase I HS sites that are more than 2 kb away from a TSS (TSS were removed to avoid simply identifying core promoter elements). Using the Clover algorithm (Frith et al., 2004) and all motifs in the TRANS-FAC database (Wingender et al., 1996) , we detected enrichment for several families of transcription factors known to be involved in the immune system: AML, PU.1, ETS, C/EBP, STAT, IRF, and TAL1 (Meraro et al., 1999; Smith et al., 2006; Wadman et al., 1997; Yao et al., 2006) . We also detected enrichment for a motif corresponding to CTCF, a known insulator protein that is not currently in the TRANSFAC database (Bell et al., 1999; Kim et al., 2007) . An example of the Clover scores for AML in DNase I HS sites and background sequences are plotted across all chromosomes in Figure S8 . To verify that the motif discovery and enrichment represented in vivo biology, we compared our enriched motifs to recently published ChIP-seq data. We confirmed that a significant fraction (p value < 0.0001) of DNase I HS sites that have the STAT motif overlap with STAT1 ChIP-seq data from HeLa S3 cells (Robertson et al., 2007) and the CTCF motif corresponding to CTCF ChIP-seq from CD4 + T cells (Barski et al., 2007) (Figure S9) + specific genes suggests that cell type gene expression has more complex combinatorial control.
Identification of Fine-Scale Nucleosome Structure
Approximately 30% of all DNase I sequences map within a DNase I HS site. The remaining sequences are likely a result of background DNase I nicking. To determine whether background DNase-seq data displayed patterns that might result from positioned nucleosomes, we tallied distances between digestion sites, taking into account the sequence strand. We noticed a striking, repeating, oscillating pattern that has an average frequency of 10.4 bases ( Figure 5A ) that is highly enriched for regions outside of DNase I HS sites ( Figure 5B ). We note that this oscillation frequency is the exact distance in bases of a single turn of the double helix. This pattern was first shown over 30 years ago by gel electrophoresis believed to result from DNase I cleaving the exposed minor groove of the double helix wrapped around nucleosomes (Noll, 1974) . Interestingly, this oscillation pattern occurs for approximately 14-15 periods, matching the amount of DNA that is directly associated with a single nucleosome (Felsenfeld and Groudine, 2003) .
Although we detect no oscillation pattern within DNase I HS sites as a whole ( Figure S10 ), we hypothesized that there may be well-positioned nucleosomes on the boundaries of DNase I HS sites that should also be enriched for minor groove cutting. We mapped putative nucleosome positions using data from the histone methylation ChIP-seq experiments that initially digested CD4 + T cell chromatin with MNase to isolate mononucleosomes (Barski et al., 2007) . By pooling data from all experiments, we were able to identify dense clusters of sequences aligned in the same orientation indicating the boundaries of nucleosomes ( Figure 6A ). We then mapped $3,000 putative nucleosomes of length 100-160 bps that were bracketed on both sides by clusters of at least 45 sequences where each sequence is separated by no more than one basepair. The majority of these nucleosomes were contained within of the boundaries of DNase I HS sites, but were offset from the strongest DNase I signal and generally located near the edges. We were able to detect the oscillation pattern (previously discernable only outside of DNase I HS sites) within portions of DNase I HS sites that display nucleosome positioning ( Figure 6B ) but not within the remainder of the DNase I HS site ( Figure 6C ). The ability to detect this pattern within a population of cells indicates that a significant percentage of nucleosomes are precisely positioned and implies that there is a sequence or chromatin signal that regulates this process. Another unique property of DNase I is that in the presence of Mg 2+ , this enzyme nicks one strand of DNA at a time, often leaving a 2-4 base pair overhang when digesting intact chromatin (Cousins et al., 2004; Sollner-Webb et al., 1978) . As DNase-seq allows us to identify the DNA strand that was cut, we have detected a 3 bp average overhang created by DNase I in the non-HS regions ( Figure 5C , detailed explanation in Figure S11 ). While the depth of sequencing that we have performed does not allow robust characterization of DNase I cutting within individual regions of the genome (that is, we can only detect oscillating patterns as a composite of all sequences), this might be possible with extremely deep sequencing. Therefore, we believe DNaseseq, in conjunction with ChIP-seq for MNase experiments, has the potential to identify the exact location of each basepair with respect to its precise positioning around a stably positioned nucleosome. 
DISCUSSION
The accurate and comprehensive DNase I HS map presented here offers an unprecedented view of open chromatin structure at extremely high resolution. We have shown that both tiled microarrays and high-throughput sequencing are very accurate at identifying DNase I HS sites across the genome and combining these platforms improves the sensitivity, specificity, and the ability to determine the degree of hypersensitivity. We believe this is especially important for correctly calling DNase I HS sites that are more moderately hypersensitive. In future studies, most would find it undesirable and likely cost prohibitive to employ both technologies. While both methods are very accurate at identifying DNase I HS sites, each method has unique benefits and limitations. For example, we have demonstrated that DNase-seq can also be used to detect sub-nucleosome structure, something not possible with current tiling arrays. However, DNase-seq analysis on aneuploid cell lines will be difficult without performing extensive sequencing of the input DNA from each cell type. In contrast, tiled arrays readily normalize for DNA content and thus are suitable for cells with abnormal karyotypes. In addition, while DNase-seq can currently only be used to study the whole genome, tiling arrays can be used for inexpensive validation and for studying smaller targeted regions of the genome. Neither platform is well suited for duplicated sequences such as those found in recent segmental duplications, or for other highly repetitive sequences. Therefore, it is difficult to compare costs of the two technologies, since it depends on the particular application.
DNase I HS maps provide a scaffold on which to combine and analyze data from ChIP-chip/ChIP-Seq and gene expression experiments to better understand complex gene regulation. In our limited study in a single cell type, we are able to show previously undescribed positional relationships between DNase I HS peaks, transcription start sites, and sites of RNA PolII binding. We also describe differences in histone modifications around different categories of HS sites based on their degree of hypersensitivity, their positional relationship to transcription start sites, and the expression level of associated genes.
As similar types of data continue to be produced from different cell types, we anticipate the development of regulatory maps consisting of DNase I HS sites that are characterized by the presence or absence of features such as histone modifications, DNA binding proteins, DNA methylation, nucleosome positions, SNPs, insertions and deletions that collectively explain the transcriptional status of associated genes in particular cell types under particular conditions. In addition, DNase I HS maps can be used to focus computational motif discovery and analyses on those regions of the genome most likely to contain functional binding, a role that evolutionary conservation has not satisfactorily filled (ENCODE, 2007) .
The data resource presented here should be of particular interest to those studying the biology of CD4 + T cells, the regulation of genes that are expressed in many cell types, and those studying comparative genomics. We have shown that we efficiently identify previously characterized HS sites in these cells, and our data should therefore benefit future research. The further generation of genome-wide DNase I HS maps from a diverse set of normal and diseased human cell types, as well as from those from other species, will continue to reveal how chromatin structure, and underlying primary sequence differences, contribute to cell-type specific gene expression and cell fate decisions.
EXPERIMENTAL PROCEDURES
Preparation of DNase I-Treated DNA Intact nuclei from primary human CD4+ T cells were digested with DNase I, and prepared for DNase-seq and DNase-chip. For DNase-seq using Solexa, biotinylated linker I (5 0 Bio-ACAGGTTCAGAGTTCTACAGTCCGAC and 5 0 P-GTCG GACTGTAGAACTCTGAAC) that has a MmeI site at the 3 0 end was ligated to the DNase-digested ends. After MmeI digestion, DNase ends were enriched on streptavidin beads (Invitrogen) and ligated to linker II (5 0 P-TCGTATGCCGTCTT CTGCTTG and 5 0 CAAGCAGAAGACGGCATACGANN). The DNase material was amplified by PCR using linker-specific primers (5 0 CAAGCAGAAGACGG CATACGA and 5 0 AATGATACGGCGACCACCGACAGGTTCAGAGTTCTACAG TCCGA), purified by PAGE, and sequenced using a primer specific to linker I (5 0 CCACCGACAGGTTCAGAGTTCTACAGTCCGAC). DNase-chip was performed exactly as was previously described (Crawford et al., 2006a) . Briefly, DNase-digested ends were ligated to biotinylated linkers, followed by sonication. DNase-digested ends were enriched on a streptavidin column, and a second set of linkers was ligated to the sheared ends. DNase-enriched DNA was amplified by PCR, labeled, and hybridized to NimbleGen arrays.
Hybridization to Tiled Microarrays and Data Analysis
DNase-chip material from 2 biological replicates (as well as randomly sheared DNA used as a reference control) was hybridized to whole-genome NimbleGen 38 array sets that contain $14,629,167 50 bp probes spaced approximately every 100 bp of unique sequence. Raw log2 ratio-transformed data from each array were centered to have median of 0 and scaled to have median absolute deviation of 1 and then placed into chromosome order for further analysis. Data from the 2 biological replicates were averaged and analyzed using ACME as described in previous work (Crawford et al., 2006a; Scacheri et al., 2006) . ACME produces a p-value for each region covered by chip across the genome. As this is a continuous value, we must set a threshold to obtain discrete regions for analysis. We use this to generate the ROC curve by increasing the threshold and delineating sites where the values drop below our threshold. Raw data can be downloaded from the Gene Expression Omnibus (GEO) accession number GSE8486.
High-Throughput Sequencing and Data Analysis
The 15,341,822 3 20 bp Illumina sequence tags were aligned to the National Center for Biotechnology Information (NCBI) human genome build 35 using Mummer (Kurtz et al., 2004) . In addition, 3,423,744 $108 bp tags were generated by 454 Life Sciences. 454 sequences were trimmed of poor quality sequence and were required to have at least 50 bp of continuous high-quality sequence beginning at the 5 0 end. These sequences were then aligned to the NCBI human genome build using BLAT (Kent, 2002) , requiring an alignment percentage > 85%, a coverage percentage > 70%, and allowing a gap size of 5 bp. For both Illumina and 454 data, only sequences with unique genomic positions were used for analysis. Within each set, any 5 0 end shared by more than one sequence on the same strand was only counted once to remove duplications caused by PCR during the library preparation. To identify DNase I HS sites, the combined set of 12,619,784 uniquely aligned sequences was used generate a kernel-density estimation (Parzen window method [Parzen, 1962] ) with a variance of .5 and a bandwidth of 200. This process produces a continuous value of hypersensitivity across the genome. To determine discrete regions for analysis (such as for the ROC curve) a threshold is set and each region above the threshold is considered a single DNase I HS site. In the case of the ROC curve, this is recomputed for many thresholds to give a range of sensitivity and specificity. Raw data can be downloaded from the Gene Expression Omnibus (GEO) accession number GSE8486.
Combination of Data
Our ultimate goal was to use information provided by DNase-seq and DNasechip to complement each other in the identification of DNase I HS sites. To combine the data, we first rescaled the sequencing and chip data into the same range. Because the DNase-chip data was generated from probes approximately 50 bp long and with a 50 bp gap between probes, we filled in the spaces between near probes (<130 bp apart) by ''virtually'' expanding the probes on each side of the gap. We then combined the scores by converting each base pair score into a Z score using the population mean and standard deviation from each set. We used the information from our known qPCR positives and negatives to equate the two sets by determining the point where sensitivity was equal to specificity (maximal sensitivity/specificity). This value was subtracted from our Z score values to give a distribution of scores that we would consider anything above zero to be a positive call. These two sets were then summed to generate a combined DNase-seq/DNase-chip score. For any regions in which there was sequence but no tiled probe coverage, the sequence score was doubled to provide an equivalent range of scores in those regions. The final combined score set was found to have a sensitivity and specificity intersect at a value slightly greater than zero so this difference was subtracted from the final set leaving any positive call to have a value greater than zero.
Comparison to ChIP-Seq Data
Chromatin immunoprecipitation data for RNA Polymerase II, CTCF, H2A.Z, and histone modifications for CD4 cells was obtained from http://dir.nhlbi. nih.gov/papers/lmi/epigenomes/hgtcell.html. Only hypersensitive sites that were considered unidirectional (within 5 kb of the 5 0 end of only one gene)
and not near other strong hypersensitive sites were used for this analysis. Proximal hypersensitive sites (within 2 kb of the TSS) were classified as being near high, medium, low, or silent based on comparison of the related gene's expression to the full distribution of expression levels. Exact intervals were determined to obtain a relatively high and equal number of genes in each bin but with the goal of keeping the bins relatively separate. The High class consists of the 570 genes with an expression level > 10, the Medium class consists of 791 expressed genes with an expression level between 8.2 and 8.9, the Low class consists of 727 genes with an expression level between 5.5 and 5.8, and the Silent class consists of 698 genes with an expression level < 4.5. Expressed sites were also classified as those within a transcribed region but outside of the promoter and distal sites were those not classified as being either proximal or expressed. Plots were generated centered on the highest value of the HS site and sequence tags were counted and normalized from each data type.
Motif Analysis
To identify the putative transcription factors that bind within DNase I HS sites, we searched the 75,954 DNase I HS sites that were more than 2 kb away from a TSS for enriched motifs. We grouped these distal HS sites by chromosome and scanned each set of sequences using the Clover algorithm (Frith et al., 2004) to identify enriched motifs from the TRANSFAC database (Wingender et al., 1996) . The enrichment was measured by comparison to two background sets of sequences: the union set of all ChIP-chip hits generated by the ENCODE Transcription regulation group at the 5% false discovery rate cutoff (ENCODE, 2007) , and random dinucleotide shuffling of the input sequence set (DNase I HS sites in a chromosome). We generated 1000 sets of random sequences for each input sequences set and any motif with P value < 0.01 was deemed significantly enriched. All motifs that are enriched in the DNase I HS sites in more than half of the chromosomes by comparison to both background sets are listed in Table S2 .
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